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Leukocyte infiltration of the central nervous system (CNS) is a central feature in the pathogenesis of diverse inflammatory neurological disorders, which range from bacterial and viral meningoencephalitis to multiple sclerosis, human immunodeficiency virus type 1 (HIV-)-associated dementia (HAD), cerebral malaria, and cerebral ischemia. The pathology of HAD is characterized by the presence of HIV-infected mononuclear phagocytes and activated T lymphocytes in the brain, pronounced gliosis, the presence of multinucleated giant cells, diffuse myelin pallor, and neuronal damage and loss (33, 48) .
Chemokines are important in leukocyte migration and have been implicated in several of the inflammatory disorders cited above (for recent reviews, see references 5, 17, 18, and 40) . Chemokines and their receptors are expressed by a wide variety of cells, including those intrinsic to the CNS. Besides their classical role in chemotaxis, some chemokine receptors, e.g., CCR5, CCR3, and CXCR4, are known to serve as important coreceptors with CD4 for the entry of HIV-1 into host cells (2, 12, 14, 16) . Microglial expression of either CCR5 or CCR3 promotes efficient infection of these cells with HIV-1 (19) and is found to be associated with the progression of HAD in children and adults with HIV infection (67) . The cause of HAD is not clear. It is known that macrophages or microglia and not neurons are the predominant CNS reservoir for the virus. The extensive expression of chemokine receptors in normal and HIV-infected human brain may not only provide a passage for HIV entry into the brain via macrophages-microglia, but also contribute to neuronal injury and loss (5, 43) .
In addition to the chemokine receptors, cerebral expression of various chemokines is increased in HAD and could promote the recruitment of monocytes and lymphocytes that contribute to encephalitis and modulate HIV-1 entry into and spread in the brain (13, 22) . For example, several chemokines, including CCL3/MIP-1␣, CCL2/MCP-1, and CCL4/MIP-1␤, are found elevated in the brains of AIDS patients (55) . More recently, high levels of the CXC chemokine CXCL10/IP-10 and the CC chemokine CCL2/MCP-1 were detected in the cerebrospinal fluid (CSF) of individuals with HIV-1 infection (24) and in astrocytes in brain from individuals with HAD (51) . Interestingly, a significant correlation was found between expression of CXCL10/ IP-10 and the progression of neuropyschiatric impairment, implicating CXCL10/IP-10 in the pathogenesis of HAD (24) .
CXCL10/IP-10 is a secreted polypeptide of 10 kDa that was first identified as an early response gene induced after gamma interferon (IFN-␥) treatment in a variety of cells (36, 37) . CXCL10/IP-10 can also be induced by IFN-␣ and IFN-␤ as well as by lipopolysacharide. CXCL10/IP-10 belongs to the CXC (or -␣) chemokine family. This chemokine is secreted by activated T cells, monocytes, endothelial cells, and keratino-cytes (65) and exerts chemotactic activity towards human peripheral blood monocytes and activated T lymphocytes but not neutrophils (65) . Other functions for CXCL10/IP-10 are now known and include inhibition of angiogenesis (3, 62) , inhibition of hematopoietic progenitor cell and tumor cell growth (21, 52) , and antiviral actions (38) . CXCL10/IP-10 mediates its actions by interaction with CXCR3 (35), a common receptor for the other CXC chemokines CXCL9/Mig (monokine induced by IFN-␥) and CXCL11/I-TAC (IFN-inducible T-cell ␣-chemoattractant).
The cause of CXCL10/IP-10 gene expression in the brain in HIV infection is unknown but presumably may be indirect, involving host immune factors such as IFNs, and/or direct, involving viral factors such as the HIV-1 envelope glycoprotein gp120. To further explore the possible role of chemokines in the pathogenesis of HAD, we examined chemokine gene expression in the CNS of transgenic mice with astrocyte-targeted expression of HIV gp120 LAV under the control of the glial fibrillary acidic protein (GFAP) promoter (66) . GFAP-HIV gp120 transgenic mice develop electrophysiological and pathological changes, including temporal neurodegeneration and gliosis, that mimic aspects of the CNS alterations found in HAD (25, 44, 66) .
MATERIALS AND METHODS

Animals.
The development and characterization of the GFAP-HIV gp120 and GFAP-IFN-␣ transgenic mice were described in detail previously (1, 66) . Mice (C57BL/6 ϫ 129s strain) deficient for STAT1, generated by homologous recombination using standard targeting techniques (41), were obtained from Robert Schreiber, Washington University School of Medicine, St. Louis, Mo. All mice were maintained under specific-pathogen-free conditions in the closed breeding colony of the Scripps Research Institute.
RNA isolation. Anesthesized mice were killed at different ages, and organs were immediately removed, frozen in liquid nitrogen, and stored at Ϫ80°C until RNA preparation. Polyadenylated [poly (A) ϩ ] RNA was prepared according to a previously described method (8) . Total RNA was extracted with Trizol reagent (Life Technologies, Grand Island, N.Y.) according to the manufacturer's instructions.
RPAs. The RNase protection assay (RPA) for the detection of chemokine RNAs was performed as described previously (4) . Two additional RPA probe sets were developed for these studies. The first included probes to CXCL9/Mig (nucleotides 102 to 401 [15] ), CXCR3 (nucleotides 29 to 188 [57] ), CXCL10/ IP-10 (nucleotides 221 to 361 [68] ), and CXCL11/I-TAC (nucleotides 165 to 291 [42] ). A second probe set for the analysis of IFN-regulated genes included probes for IFN-inducible RNA-dependent protein kinase (PKR), IFN regulatory factor 1 (IRF-1), IFN regulatory factor 2 (IRF-2), protein kinase inhibitor p58 (PKIp58), T-cell GTPase (TGTP), and 2Ј,5Ј-oligoadenylate synthetase (OAS)-L2 (L2). Target sequences for these probes were murine PKR (nucleotides 130 to 450 [64] ), IRF-1 (nucleotides 211 to 326; GenBank accession no. M21065), IRF-2 (nucleotides 431 to 561; GenBank accession no. J03168), PKIp58 (nucleotides 161 to 441; GenBank accession no. U28423), OAS-L2 (nucleotides 15 to 230; GenBank accession no. X58077), and TGTP (nucleotides 101 to 351; GenBank accession no L38444). All cDNA fragments flanked by 5Ј EcoRI and 3Ј HindIII restriction sequences were synthesized by reverse transcription (RT)-PCR and cloned into pGEM-4 (Promega, Madison, Wis.) as described (60) . The correct sequence identity of all the RPA probes was verified prior to their use in the RPAs. For all probe sets, a fragment of the rpl32 gene was included and served as an internal loading control.
In situ hybridization. Anesthetized control and transgenic mice were perfused transcardially with ice-cold saline followed by 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4). Brains were removed, postfixed in the same fixative overnight at 4°C before being processed, and embedded in paraffin. Sagittal sections (10 m) were used for in situ hybridization, performed as described previously (4) (4) . For detection of HIV-1 gp120, a cDNA fragment (346 bp) was used as previously described (66, 70) . Following hybridization with the CXCL10/IP-10 probe, some slides were colabeled by immunostaining for GFAP to identify astrocytes, for CD3 to identify T lymphocytes, for neurofilament to identify neurons, or for lectin binding to identify microglial cells. Briefly, after the final posthybridization wash, slides were transferred to PBS containing 5% goat serum for 1 h at room temperature to block nonspecific binding. Sections were then incubated for 2 h with either primary antibody against GFAP (diluted 1:2,000; Dako, Carpinteria, Calif.), phosphorylated neurofilament (SMI33, diluted 1:1,000; Sternberger, Lutherville, Md.), and CD3 (diluted 1:500; Dako), or with a lectin from Lycopersicon esculentum (biotin labeled, diluted 1:100; Sigma Chemical Co. St. Louis, Mo.). After extensive washing, sections were incubated with avidin-biotin-horseradish peroxidase complex (ABC kit; Vector, Burlingame, Calif.) used according to the manufacturer's instructions. Staining reactions were performed with 3,3-diaminobenzidine (Sigma) as the substrate. After dehydration through graded alcohols and air drying, slides were dipped in Kodak NTB-2 emulsion, dried, and stored in the dark for 1 to 2 weeks, after which the slides were developed, counterstained with Mayer's hematoxylin, and examined by dark-and bright-field microscopy.
Astrocyte cell culture. Primary cultures of cerebral cortical astrocytes were prepared from newborn wild-type or STAT1-null mice as previously described (71) . Briefly, cortices were removed aseptically from the skulls, and the meninges were carefully removed under a dissecting microscope. The cells were mechanically dissociated and enzymatically digested with a solution containing papain (30 U/ml), L-cysteine (0.24 mg/ml), and DNase I type IV (40 g/ml) (all enzymes were from Sigma) in 1 ml of minimal essential medium-HEPES for 1 h at 37°C. Supernatants were plated at a density of one brain in three T25 flask (Falcon; Becton Dickinson, Franklin Lakes, N.J.) in Dulbecco's Modified Eagle's medium (Sigma) containing 10% fetal calf serum, L-glutamine, penicillin, and streptomycin (Sigma). As judged by GFAP immunostaining, these cultures were Ͼ95% enriched for astrocytes, with remaining cells consisting of microglia and fibroblasts. Once confluent, the cells were starved for 48 h without serum before treatment as described below.
The astrocyte cell cultures were incubated with medium or with different doses (0.1 to 1 nM) of soluble recombinant HIV-1 IIIB gp120 protein (gp120 IIIB; obtained from the NIH AIDS Research and Reference Reagent Program, Rockville, Md.) for 6 h at 37°C. To establish the specificity for any effect mediated via the gp120 IIIB interaction, the recombinant protein was incubated with an anti-gp120 neutralizing antibody (immunoglobulin G1b12 [IgG1b12] [10] ) for 1 h at room temperature on a shaker and then added to the astrocyte cultures for 6 h at 37°C. A control isotype-matched antibody (human IgG1) was also used (kindly provided by Pascal Poignard, The Scripps Research Institute, La Jolla, Calif.). To examine the role of STAT1 wild-type and STAT1-null astrocyte cultures were treated with soluble recombinant HIV-1 IIIB gp120 protein or murine recombinant IFN-␥ (R&D Systems, Minneapolis, Minn.) for 6 h at 37°C prior to RNA isolation. After incubation, cells were washed with saline solution, and total RNA was extracted using Trizol reagent according to the manufacturer's instructions.
RESULTS
Temporal analysis of cerebral chemokine and CXCR3 gene expression in GFAP-HIV gp120 transgenic mice. Initially, we examined CXC, CC, and C chemokine gene expression in the brains of mice at different ages by RPA. The CC chemokine CCL6/C10 was the only detectable chemokine found constitutively in the brain, and its level remained unchanged in both wild-type and GFAP-HIV gp120 mice at different ages (Fig.  1A) . However, in the brain of the GFAP-HIV gp120 transgenic but not wild-type mice, both CCL2/MCP-1 and CXCL10/IP-10 mRNAs were also present. CXCL10/IP-10 mRNA was detectable at maximum levels by 3 weeks of age, and thereafter its expression remained relatively constant up to 12 months of age. In contrast, CCL2/MCP-1 mRNA expression was also detectable after 3 weeks of age but reached a maximum level at 3 months of age before declining over the remaining age points examined. Quantification of the signal intensities revealed that relative to background, there was up to a fourfold increase in CXCL10/IP-10 mRNA expression in the GFAP-HIV gp120 mice. At its peak, expression of CCL2/MCP-1 mRNA increased twofold compared to the background level (Fig. 1B) .
CXCL10/IP-10 belongs to the non-ELR CXC chemokine subfamily, and we therefore investigated whether other members of this subfamily were also expressed in the brain of the GFAP-HIV gp120 mice. Another multiprobe RPA was developed that, in addition to IP-10, permitted detection of the non-ELR CXC chemokine mRNAs for CXCL9/Mig and CXCL11/I-TAC and their common receptor, CXCR3. As shown in Fig. 2A , there was little if any detectable expression in the wild-type brain of these chemokine genes or the CXCR3 receptor. In contrast, in the brain of the GFAP-HIV gp120 transgenic mice, consistent with our previous finding, CXCL10/ IP-10 mRNA expression was induced at 4 and 15 months of age. In addition, increased expression of CXCL9/Mig mRNA was also detectable. However, the levels of CXCL9/Mig RNA were clearly considerably lower than for CXCL10/IP-10 ( Fig.  2B ). CXCL11/I-TAC mRNA gene expression was not detectable in the brains of these mice. Expression of CXCR3 was also detectable at low levels in the brain of the GFAP-HIV gp120 mice at 5 and 15 months of age.
All in all, these findings revealed that in the brain of GFAP-HIV gp120 transgenic mice, CXCL10/IP-10, CCL2/MCP-1, and to a lesser extent CXCL9/Mig gene expression was induced, and there was differential regulation of the non-ELR CXC chemokines, where CXCL10/IP-10 gene expression was ϩ RNA was isolated from the whole brain of wild-type or transgenic mice, and 1 g was analyzed by RPA as described in Materials and Methods. (B) Quantitative analysis of CXCL10/IP-10 and CCL2/MCP-1 gene expression. Densitometric analysis of each lane was performed on scanned autoradiographs using NIH Image 1.57 software. Expression of different chemokine mRNAs was normalized to the respective expression of rp132 mRNA, and the mean plus standard deviation was calculated using Microsoft Excel 98.
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HIV gp120 INDUCES ASTROCYTE IP-10 GENE 7069 most prominent while CXCL11/I-TAC gene expression was not detectable. Anatomical and cellular localization of IP-10 and HIV gp120 gene expression. To further determine the relationship between the expression of the CXCL10/IP-10 gene and its localization in the brain of the GFAP-HIV gp120 transgenic mice, we performed in situ hybridization and compared IP-10 RNA expression to that of the transgene-encoded HIV gp120 RNA. Sagittal sections of brain from wild-type and GFAP-HIV gp120 mice were hybridized with either CXCL10/IP-10 or HIV gp120 antisense cRNA probes. No detectable hybridization above background levels was observed in brain from control litter mates for either HIV gp120 or CXCL10/IP-10 ( Fig.  3, top panels) . However, in brain from GFAP-HIV gp120 mice, a diffuse hybridization signal was observed for HIV gp120 RNA in many brain regions, including the cortex, hippocampus, and hypothalamus (Fig. 3, left panels) . In adjacent sections, a highly punctate hybridization signal was observed for CXCL10/IP-10 RNA which showed an anatomic distribution similar to that of the HIV gp120 RNA (Fig. 3, right panels) . For example, expression of both HIV gp120 and IP-10 was observed in the cortex (Fig. 3, arrows) but not in the basal ganglia (Fig. 3, asterisk) .
The punctate nature of the hybridization signal for CXCL10/ IP-10 RNA would be consistent with its expression by scattered cells. To further investigate this possibility, we combined in situ hybridization with immunohistochemical staining for specific neural cell types. Microscopic analysis of the hybridized sections revealed background levels of hybridization in the wildtype brains (Fig. 4, top panels) . In contrast, in brain sections from GFAP-HIV gp120 mice, expression of CXCL10/IP-10 RNA was found to be almost entirely localized to a subset of FIG. 3 . Anatomical localization of CXCL10/IP-10 and HIV gp120 RNA in the brain of GFAP-HIV gp120 transgenic mice. Mice were anesthetized, and the brains removed, processed, and analyzed by in situ hybridization as described previously using 33 P-labeled-gp120 IIIB and CXCL10/IP-10 riboprobes (4). Examples of overlap in the brain for the hybridization pattern of these two different probes are represented by arrows (expression) and asterisks (no expression). astrocytes (Fig. 4, bottom left panel, arrows) . In addition, rare tomato lectin-positive microglial cells were also observed that expressed CXCL10/IP-10 RNA (Fig. 4, bottom right panel,  arrowhead) . In contrast, neurons identified by staining for neurofilament (NF) contained no detectable CXCL10/IP-10 RNA (Fig. 4, bottom middle panel) . These findings therefore indicated that in the GFAP-HIV gp120 transgenic brain, there was considerable overlap in the anatomic sites for transgene-encoded HIV gp120 and CXCL10/IP-10 gene expression, and astrocytes and to a much lesser extent microglia were responsible for CXCL10/IP-10 RNA gene expression.
Analysis of IFN and IFN-regulated gene expression in the brain of GFAP-HIV gp120 transgenic mice. It is clear that CXCL10/IP-10 expression is induced by IFN-␣/␤ and IFN-␥ IFNs. Therefore we asked whether any of these IFNs were present in the brain of the GFAP-HIV gp120 mice. By RPA, there was no detectable expression of either type of IFN genes in the brain of either wild-type mice or GFAP-HIV gp120 transgenic mice at any age tested (Fig. 5) . In contrast, in two positive control samples, brain from a GFAP-IFN-␣ transgenic mouse (Fig. 5, lane A) and spleen from a mouse infected with lymphocytic choriomeningitis virus (LCMV) (Fig 5, lane B) , IFN-␣ and IFN-␣ and IFN-␥ transcripts, respectively, were readily detected. In order to further confirm that there was an absence of IFN in the brain, we also examined for the expression of a number of other IFN-regulated genes (Fig. 6B) . In comparing litter mate controls with the GFAP-HIV gp120 mice, no differences were seen in the cerebral expression of a number of prototypic IFN-regulated genes, including PKR, PKIp58, TGTP, OAS L2, and IRF-1 and -2. In contrast, in brain from transgenic mice that expressed different levels of IFN-␣, a dose-dependent increase in the expression of a number of these IFN-regulated genes, including PKR, TGTP, and OAS L2, was observed (Fig. 6A) . In addition, immunohistochemical staining of brain sections for the IFN-regulated proteins major histocompatibility complex (MHC) class I and MHC class II failed to reveal any significant differences in the levels of these molecules between wild-type and GFAP-HIV gp120 mice (not shown).
In summary, the absence of detectable IFN gene expression and the lack of any changes in the expression of a number of IFN-regulated genes provide strong evidence that the induction of CXCL10/IP-10 gene expression in the brain of the GFAP-HIV gp120 mice was not due to an IFN.
Analysis of chemokine gene expression in astrocyte cell cultures incubated with soluble recombinant gp120 protein. To further delineate the possible mechanisms responsible for the induction of CXCL10/IP-10 gene expression, we hypothesized that the HIV-1 envelope glycoprotein gp120 itself might be responsible. To investigate this possibility, the effect of gp120 IIIB on chemokine gene expression was studied in astrocyte cell cultures. Little chemokine gene expression was detectable in astrocyte cell cultures incubated with PBS. However, after incubation with different concentrations of gp120 IIIB for 6 h, expression of several chemokine genes was increased in a dose-dependant fashion ( Fig. 7A and B) . CCL4/MIP-1␤ and CXCL10/IP-10 mRNAs were expressed at significantly higher levels than the CCL6/C10 and CCL2/MCP-1 transcripts and peaked at 200 pM and 1 nM for CCL4/MIP-1␤ and CXCL10/ IP-10, respectively, of gp120 IIIB. To further assess whether the increased expression of these chemokine genes was specific for gp120 IIIB, we absorbed gp120 IIIB with an excess of a specific neutralizing antibody before addition to the astrocyte culture. As shown in (39) . To examine the role of STAT1 signaling in the induction of CXCL10/IP-10 gene expression by HIV-1 gp120, astrocyte cell cultures were prepared from wild-type and STAT1-null mice and treated with gp120 IIIB. As shown in Fig. 8 , and consistent with the findings discussed above, gp120 IIIB stimulated significant CXCL10/IP-10 gene expression by wild-type astrocytes. However, this response remained unchanged in astrocytes that lacked STAT1. By contrast, IFN-␥, which was a potent inducer of CXCL10/IP-10 gene expression in wild-type astrocytes, failed to induce this chemokine gene in astrocytes that lacked STAT1.
In all, these findings indicated that gp120 IIIB induction of CXCL10/IP-10 gene expression by astrocytes is STAT1 independent.
Relationship of CXCL10/IP-10 gene expression to lymphocyte infiltration. CXCL10/IP-10 is known to be a chemoattractant for lymphocytes and monocytes. To determine whether the expression of CXCL10/IP-10 was associated with increased T-cell accumulation in the brain of the GFAP-HIV gp120 mice, dual-label in situ analysis was performed. Immunostaining for the T-cell marker CD3 revealed a significant increase in the numbers of T cells in the brain of the GFAP-HIV gp120 mice compared to littermate controls (Fig. 9) . The majority of the CD3-positive cells were localized in the neocortex and in the subcortex, with fewer numbers in other regions of the brain, such as the meninges, choroid plexus, and olfactory bulb (Fig. 9A ). When combined with in situ hybridization for CXCL10/IP-10 RNA, the CD3 ϩ T cells (Fig. 9A , arrowheads) were commonly observed in proximity to sites of CXCL10/ IP-10 gene expression (Fig. 9B, arrows) .
These findings demonstrate for the first time a significant increase in CD3-positive T cells in the brain of the GFAP-HIV gp120 mice, many of which are found in areas of detectable CXCL10/IP-10 gene expression. ϩ RNA was isolated from the whole brain of wild-type or GFAP-HIV gp120 mice at 4 and 15 month of age and from symptomatic GFAP-IFN-␣ mice, and 1 g was analyzed by RPA as described in Materials and Methods. lymphocytes and macrophages. Numerous chemokines, including CCL2/MCP-1, CCL3/MIP-1␣, and CCL4/MIP-1␤, were detected in the brain or CSF of HIV-1 patients and may play a direct role in fostering the recruitment of leukocytes (13, 22, 32, 55) . Recently, Kolb et al. demonstrated the presence of CCL2/MCP-1 and CXCL10/IP-10 in CSF samples from all individuals infected with HIV-1 (24) . Significantly, these authors reported that CXCL10/IP-10 levels were closely associated with the progression of HIV-1-related CNS infection and neuropyschiatric impairment (24) . In an earlier study, Sanders et al. found that CXCL10/IP-10 was localized to astrocytes in HIV encephalitis (51) . Additionally, increased expression of chemokines, notably CXCL10/IP-10 and its receptor CXCR3, was shown to correlate with simian immunodeficiency virus encephalitis in a primate model (53, 69) . CXCL10/IP-10 is a pleiotropic chemokine that, in addition to stimulating leukocyte chemotaxis, is known to be an inhibitor of angiogenesis (3, 62) and to have antiviral actions (38) . CXCL10/IP-10 may therefore play a significant role in the pathogenesis of HAD, and yet little is known concerning the CNS pathobiology of this chemokine. To further explore the possible role of CXCL10/ IP-10 in the pathogenesis of HAD, we examined the expression of this and other chemokines in the CNS of transgenic mice with astrocyte-targeted expression of HIV gp120 under the control of the GFAP promoter. GFAP-HIV gp120 transgenic mice are known to replicate many of the features of HAD, including temporal neurodegeneration, gliosis, and electropathophysiological alterations (25, 44, 66) . Here we showed that there is prominent CXCL10/IP-10 and to a lesser extent CCL2/MCP-1 gene expression in the CNS of the GFAP-HIV gp120 mice, with astrocytes being the major cellular source of the CXCL10/IP-10 gene expression. This chemokine gene expression picture in the CNS of the GFAP-HIV gp120 transgenic mice therefore partly mimics that in the HIV-1-infected human brain, allowing further assessment of the regulation and mechanism of action of these genes in the CNS.
CXCL10/IP-10 is an early response gene induced by IFN-␥ treatment in a variety of cells (36, 37) . CXCL10/IP-10 can also be induced by IFN-␣ and IFN-␤ as well as by lipopolysaccharide and some other proinflammatory cytokines, such as tumor FIG. 6 . Expression of various IFN-regulated genes in the brain of GFAP-IFN-␣ (A) and GFAP-HIV gp120 (B) transgenic mice. Poly(A) ϩ RNA was isolated from the whole brain of wild-type (wt) or transgenic mice at 4 and 15 months of age for the GFAP-HIV gp120 mice and from symptomatic GFAP-IFN-␣ mice, and 1 g was analyzed by RPA as described in Materials and Methods. Quantitative analysis of RPA autoradiographs (C) was performed as described above for Fig. 1 .
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on February 21, 2013 by PENN STATE UNIV http://jvi.asm.org/ necrosis factor alpha (TNF-␣) (45, 46) . Consistent with these findings, CXCL10/IP-10 expression is markedly upregulated in the brain of transgenic mice with astrocyte-targeted expression of IFN-␣ but not interleukin-3 (IL-3) or IL-6 (7), and following infection with a number of different infectious agents and infections, including LCMV (4, 6), murine hepatitis virus (MHV) (28, 29) , Theiler's murine encephalomyelitis virus (20) , Borna disease virus (54), mouse adenovirus type 1 (11), bacterial meningitis (27, 58, 59) , and toxoplasmosis encephalitis (23) . However, the present study clearly showed that induction of CXCL10/IP-10 gene expression in the CNS of the GFAP-HIV gp120 mice did not involve the classical IFN pathway. First, there was no detectable expression of IFN genes in the brain of GFAP-HIV gp120 mice. Second, the expression of a number of prototypic IFNregulated genes, such as PKR and OAS, was not detectable in the CNS of these mice. Finally, although the signal transduction molecule STAT1␣ has been shown previously, and confirmed here, to have an essential role in IFN-␥-induced CXCL10/IP-10 expression (39), the absence of STAT1 failed to affect HIV gp120-induced CXCL10/IP-10 expression by astrocytes. Finally, our previous studies established that the expression of a number of other proinflammatory cytokine genes, including IL-1 and TNF, is also not altered in the brain of the GFAP-HIV gp120 transgenic mice (44) , making it improbable that other cytokines are responsible for the CNS induction of CXCL10/IP-10 gene expression. In consideration of these observations, we conclude that the induction of CXCL10/IP-10 gene expression by astrocytes in the CNS of the GFAP-HIV gp120 mice is independent of IFN or other cytokine receptor-mediated signaling.
Rather than an indirect mechanism, our findings argue in favor of the notion that the induction of CXCL10/IP-10 as well as CCL2/MCP-1 gene expression in the brain of the GFAP-HIV gp120 mice results from the direct action of gp120 IIIB. Consistent with this, in situ localization revealed concordance between the expression of HIV gp120 and CXCL10/IP-10 RNA transcripts. In our in vitro experiments, treatment of primary astrocyte cell cultures with gp120 IIIB resulted in marked upregulation of CXCL10/IP-10 gene expression which was effectively inhibited by an antibody against HIV gp120. Direct effects of HIV-1 gp120 on other parameters of astrocyte biology have been noted by others and include upregulation of GFAP (70) and ICAM-1 (56) gene expression. Thus, while astrocytes are unlikely to express CD4, the primary receptor for HIV-1 gp120 binding, other receptors probably serve this function. Possible candidates include the chemokine receptor CXCR4, which can serve as a coreceptor for HIV-1 gp120 (16, 31) and is found on astrocytes (30, 47, 63) . Such alternative HIV gp120 binding sites may prove to be pathophysiologically significant, since recent studies indicate that astrocytes can host nonproductive HIV-1 infection in vitro and in vivo (9) .
A comparison of the chemokine expression profiles between the brain of HIV gp120 mice and gp120 IIIB-treated astrocyte cultures revealed that a more extensive repertoire of chemokine genes was induced in the in vitro system. The ability to abrogate the stimulatory effect of gp120 IIIB on astroglial chemokine gene expression with an antibody against the HIV envelope protein indicated that the in vitro response was indeed specific. The reason for the dichotomy between the in vivo and in vitro responses to HIV gp120 likely relates to fundamental differences in the properties and relationship of the astrocytes to their milieu. Irrespective of this, we confirmed by combined in situ hybridization for CXCL10/IP-10 and immunostaining for GFAP that the expression of CXCL10/IP-10 RNA was induced in the cultured astrocytes following exposure to gp120 IIIB (data not shown).
A key issue concerns the function of CXCL10/IP-10 expressed in the brain of the GFAP-HIV gp120 mice as well as in HAD. In the present study, we were unsuccessful in detecting CXCL10/IP-10 protein in the CNS of the transgenic mice or in HIV gp120-treated astrocytes. Although we tested a num- The astrocyte cultures were incubated with medium alone or with different doses (0.02 to 1 nM) of HIV gp120 protein (gp120 IIIB) for 6 h. Specificity for gp120 IIIB was shown by incubation of gp120 IIIB with an anti-gp120 (␣-gp120) neutralizing antibody (B) for 1 h at room temperature prior to addition to the astrocyte culture. A control isotype antibody (human IgG1) was used in parallel (␣-IgG). LPS, lipopolysaccharide.
ber of commercial and noncommercial antibodies against IP-10, none of these proved to be effective for immunohistochemistry or immunoblotting. In the absence of confirmation of the presence of CXCL10/IP-10 protein, we sought indirect evidence for the presence of this chemokine by examining for markers of its downstream action. CXCL10/IP-10 is known to be an effective chemoattractant for the recruitment of activated T lymphocytes because expression of the CXCL10/IP-10 receptor CXCR3 is largely restricted to these cells (35) . The significance of this process to the CNS is vividly illustrated by Astrocyte cultures derived from wild-type or STAT1-null mice were incubated in medium alone or with gp120 IIIB or murine recombinant IFN-␥ proteins for 6 h. Each treatment was done in triplicate. Following treatment, the astrocyte cultures were washed twice in PBS, and RNA was extracted with Trizol reagent according to the manufacturer's instructions. For RPA, 5 g of total RNA was analyzed as described in Materials and Methods. Quantitative analysis of RPA autoradiographs was performed as described for Fig. 1 .
FIG. 9. (A) Analysis of numbers of CD3
ϩ cells in the brain. Six different brain sections containing specimens from nontransgenic littermates or GFAP-HIV gp120 mice were immunostained for CD3 and analyzed by two different individuals. The average cell count was calculated, and statistical significance was determined using the Student t-test. The presence of CD3 ϩ T cells in the olfactory bulb ‫,ء(‬ P Ͻ 0.07), neocortex ‫,ء(‬ P Ͻ 0.00007), and subcortex ‫,ء(‬ P Ͻ 0.002) was significantly increased compared with the wild-type mice. (B) Colocalization of infiltrating CD3 ϩ lymphocytes and CXCL10/IP-10 RNA in the brain of GFAP-HIV gp120 transgenic mice. Sections from a wild-type control and a GFAP-HIV gp120 mouse were hybridized with the CXCL10/IP-10 antisense probe and immunostained for CD3 as described in Materials and Methods. Original magnification, ϫ450.
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HIV gp120 INDUCES ASTROCYTE IP-10 GENE 7075 the recent report of Lane and colleagues (34) , who showed that antibody-mediated blocking of CXCL10/IP-10 in vivo dramatically reduced CD4 ϩ and CD8 ϩ T-lymphocyte infiltration of the brain during acute MHV-induced encephalitis. Our results here suggest that CXCL10/IP-10 may indeed play a role in T-lymphocyte recruitment to the CNS in GFAP-HIV gp120 mice. First, while overt infiltration of the CNS of the GFAP-HIV gp120 mice is not evident from routine histological analysis, more sensitive and specific immunophenotypic analysis clearly revealed a significant increase in the number of CD3
ϩ T lymphocytes present in the brain of these animals. Second, the T lymphocytes appeared in clusters around astrocytes expressing the CXCL10/IP-10 gene. Finally, expression of the CXCR3 receptor gene was only detectable in the brain of the GFAP-HIV gp120 mice. Since it has been reported that the CXCR3 receptor is only expressed by activated T lymphocytes (35, 49, 50) , the finding of CXCR3 receptor expression in the brain of the GFAP-HIV gp120 mice implies that the infiltrating T lymphocytes are activated. The morphological appearance of these cells is also consistent with this view. In future studies using flow cytometry, we hope to be able to further clarify the phenotypic characteristics of these cells. In any case, our observations raise for the first time the possibility that an immunoinflammatory response may contribute to the degenerative disease observed in the GFAP-HIV gp120 mice. Ongoing studies with CXCR3 knockout mice crossed with the GFAP-HIV gp120 transgenic mice should allow us to elucidate the function of CXCL10/IP-10 and its receptor in the recruitment of the CD3 ϩ T lymphocytes to the brain and their involvement in the development of neurodegenerative disease.
In conclusion, this study demonstrates the novel, IFNand STAT1-independent HIV-1 gp120-mediated induction of CXCL10/IP-10 gene expression by astrocytes. These findings add the gp120 envelope glycoprotein to the transactivator TAT (26) of HIV-1 as HIV-1 gene products that may contribute directly to the increased production of CXCL10/IP-10 that is found in patients with HAD (24) . We suggest that astrocytes may serve as an early and sensitive cellular monitor of HIV-1 infection in the brain that respond with robust production of CXCL10/IP-10. CXCL10/IP-10 likely then functions as a key component of the host response signaling the recruitment of protective antiviral T lymphocytes and mustering these cells to sites of HIV-1 infection in the brain.
